diofrequency catheter ablation of accessory pathways and the atrioventricular junction often requires multiple applications of energy. The inability to determine the effects of any given application on the underlying tissue may contribute to this problem. In the present study, impedance was monitored in 20 patients undergoing radio/requency catheter ablation, and the relationship between on initial decrease in impedance and subsequent ejjects were examined. An initial fall in impedance of more than 10ft was 78% sensitive and 88% specific for predicting subsequent evidence of tissue heating finterruption of conduction or an abrupt rise in impedance due to coagulum formation). In contrast, initial values of voltage, current, or impedance did not distinguish between effective and ineffective applications of radiofrequency energy. Continuous monitoring of impedance may facilitate radio/requency catheter ablation. (PACE, Vol 15, /anuary 1992) radiofrequency catheter ablation, accessory pathways, impedance
Introduction
Catheter modification of the atrioventricular junction and ablation of extranodal accessory pathways with radiofrequency energy have been shown to be effective for definitive management of supraventricular tachycardia.^"'' Multiple applications of energy are often required to achieve a desired electrophysiological effect, increasing the duration of the procedure, the amount of radiation exposure, and the potential for complications.
Several factors, including electrode surface area,^"^ pressure of electrode contact,^ catheter orientation, and cavitary blood flow, can affect the efficiency of tissue heating during the delivery of radiofrequency energy. Consequently, there is little correlation between energy delivery parameters and the volume of ahlative injury in vivo.^'T he inability to determine the effects of any given radiofrequency application on the underlying tissue may contribute to the need for multiple applications.
Studies in vitro^"" and in vivo^^ have shown an early decrease in impedance due to the heating of the electrode-tissue interface, suggesting that changes in impedance might he useful for monitoring lesion formation. In the present study, impedance was monitored in 20 patients undergoing radiofrequency catheter ablation. The relationship between an initial decrease in impedance and subsequent effects was examined. 1   2  3  4  5  6  7  8   9  10  11  12  13  14  15  16  17  18   19  20   Patient   Age   73  26  21  33  47  26  69  73  29  49  40  20  35  28  37  28  49  13  13  22   Table 1 . lar junction was performed in two patients with drug refractory atrial fibrillation. The remaining patients had ahlation of extranodal accessory pathways. The mean age was 37 ± 18 years, and six of the patients were men. Accessory pathways were located in the left free wall in nine, the right free wall in seven, and were septal in two patients.
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Catheter Ablation Procedure
A 7 FrenGh, steerable electrode catheter with a distal electrode 4-mm in length (Mansfield Scientific, Mansfield, MA, USA) was used in all 20 procedures. Techniques for positioning the ahlation catheter have been described previously.''* For interruption of atrioventricular condnction, the catheter was advanced across the tricuspid annulus and manipulated to record the largest His eleGtrogram. Ablation of right free-wall and septal accessory pathways was performed by introducing the catheter into the femoral vein and positioning it at a site on the tricuspid annulus with short local atrioventricular and/or ventriculoatrial activation times. A retrograde aortiG approach was used for left free-wall accessory pathways. The catheter was positioned on the ventricular side of the mitral annulus at the site of earliest activation.
Continuous, unmodulated sine wave alternating current at 350 kHz was supplied by an eleGtrosurgical unit (Radionics, Model RFC3B, Burlington, MA, USA). This was routed through a controller that supplied 0-1 V direct current signals corresponding to root mean squared radiofrequency voltage, current, and impedance. These were recorded along with tho surface electrocardiogram on a Siemens Mingograf Model 800 (Stockholm, Sweden) strip chart recorder at a paper speed of 25 mm/sec. Calibration was performed at the beginning and end of each session. Impedance measurements were recorded at a gain of 1.5-2.0 fi/mm.
All ahlations were performed with the appli-cation of current between the distal pole of the ablation catheter and a large diameter skin electrode (Valleylah, Boulder, CO, USA) placed over the left scapula.
Analysis of Data
A decrease in impedance was defined as a decline of at least 10 fi during the initial 10 seconds of radiofrequency energy application. The lO-il cutoff was chosen because changes of the same magnitude were seen during lesion formation in vitro.'" In addition, fluctuations in impedance during steady state were consistently <10 il.
Since neither thermometric nor histopathological data were available in this clinical study, indirect evidence of tissue heating was used to determine the relationship hetween an initial fall in impedance and suhsequent effects. Tissue heating was considered to have occurred if a radiofrequency application resulted in either transient or persistent interruption of the accessory pathway or atrioventricular conduction, or an abrupt rise in impedance. An impedance rise was deemed to have occurred if a value above 150 fl was recorded during the course of radiofrequency energy application. This has been shown to occur with temperatures in excess of 100° C, which results in boiling and coagulum formation around the ablating electrode.^^'^^ Since lesion formation may occur in vivo without effects on conduction or coagulum formation, the criteria for tissue heating, although specific, are likely to have been insensitive.
Statistical Analysis
Results are expressed as mean ± one standard deviation. Energy delivery parameters during applications that caused tissue heating [an electrophysiological effect or impedance rise] were compared to ineffective applications using analysis of variance. The relationship hetween an initial decrease in impedance and subsequent tissue heating was determined by Chi-square analysis. A P value of < 0.05 was considered significant.
Results
Three hundred sixty-one applications of radiofrequency energy in 20 patients were analyzed.
A mean of 59 ± 5 V and 0.63 ± 0.16 A were applied for 14 ± 10 seconds. The average initial impedance for the entire cohort was 98 ± 20 O.
Evidence of tissue beating was present during 129 (36%) of 361 applications of radiofrequency energy (group I]. An abrupt rise in impedance occurred during 92 applications [ Fig. lA) , conduction was transiently interrupted during 19 applications, and persistent ablation of the atrioventricular junction or accessory pathway occurred after 18 applications in this group.
As seen in Table II , there was no significant difference in initial voltage, current, or impedance hetween those applications of radiofrequency with evidence of tissue heating (group I) versus those without [group II). The duration of energy application was significantly shorter for group I than group II [13 ± 8 vs 16 ± 12 sec, P = 0.002).
An early fall in impedance occurred during 129 applications of radiofrequency energy. The mean fall in impedance was 20 ± 10 fi over the initial 9 ± 3 seconds [ Fig. IB) . A decrease in impedance was significantly more frequent in group I [101/129 applications) than group II (28/ 232 applications, P = 0.0001). An initial fall in impedance had a sensitivity of 78% and a specificity of 88% for predicting subsequent evidence of tissue heating. An initial fall in impedance occurred in 82/92 [89%) of applications that culminated in an impedance rise, 10/20 [50%) of applications that transiently interrupted conduction, and 9/18 (50%) that caused persistent effects on conduction (Table III) . 
Discussion
Main Findings
Output voltage, current and impedance were continuously monitored during radiofrequency catheter ablation in 20 patients. Initial values of those parameters were not predictive of subsequent tissue heating as manifest by an electrophysiological effect or coagulum formation. In contrast, an early fall in impedance was a sensitive and specific predictor of tissue heating.
The duration of radiofrequency energy application was larger in Group II than in Group I. This was a manifestation of the clinical protocol, since radiofrequoncy ablation was continued for at least 20 seconds after the onset of accessory pathway or atrioventricular block, whereas it was stopped after 15 seconds if no effects on conduction were seen.
Comparison to Previous Studies
Grogan and co-workers^" studied the changes in impedance during the course of radiofreqnency lesion formation in vitro. They noted that impedance remained constant during low power application (0.05 W) but fell from a mean of 88-79 O during higher power applications of 10 W. There was no change in impedance when 10 W was delivered to saline alone. These authors concluded that the monitoring of impedance during radiofroquency ablation might be useful to confirm production of tissue damage. Another study of radiofrequency lesion formation in vitro" noted a correlation between an early rise in current flow (due to a fall in impedance) and subsequent impedance rise. In a study of endocardial radiofrequency lesion formation in dogs, Wittkampf described a 10%-20% decrease in impedance during the first 20 seconds of radiofrequency exposure.^Ĥ aines and Watson^'* modeled radiofrequency lesion formation as equivalent to a purely thermal source. They suggested that tip temperature monitoring would be an accurate method for prediction of the extent of ablative injury. These predictions were confirmed by Hindricks. et al.,ŵ ho showed an excellent correlation between temperature at the distal electrode and the volume of myocardial necrosis.
The initial fall in impedance described in this study is a consequence of heating at the electrodetissue interface.'° Although tip temperature monitoring would be a more direct method to assess lesion formation, thermistor-equipped catheters are not generally available for cardiac ablation. Impedance monitoring can be simply performed with any catheter and appears to have an excellent correlation with tissue heating.
Limitations
The criteria used as indirect evidence of tissue heating (effects on conduction or coagulum formation) probably underestimated the true incidence of lesion formation and therefore, the specificity of an early fall in impedance. Some of the "false positive" applications in Group II where a fall in impedance was recorded may have produced a significant lesion without culminating in coagulum formation or interruptions of conduction. A direct comparison of tip temperature and impedance changes would more accurately define the relationship between impedance and lesion formation.
High power, short duration applications of radiofrequency were used in this series of patients. The use of a different energy delivery paradigm [e.g., lower power for a longer duration) might alter the predictive accuracy of impedance monitoring.
Clinical Implications
Kadiofrequency ablation is performed by first positioning the electrode catheter using fluoroscopic and electrographic information. If an initial application of radiofrequency energy is ineffective, a choice must be made between repeat application at the same site [usually at a higher power output) or repositioning the ablation catheter. Continuous monitoring of impedance may facilitate this decision. An early fall in impedance suggests that enough energy has been coupled to the
